This article presents an extensive experimental investigation of singly curved fibre-reinforced composite structures subjected to low energy heavy mass impact. The objective of the study is to understand the contribution the surface ply orientation makes to the resistance of the impact strike and the impact behaviour of composite cylinders of different stacking configuration. Tests were conducted on laminate configurations suitable for various structural applications, using an instrumented drop-weight (30 kg) device. Impact studies conducted were on half single curved symmetrical composite panels of ( 2 /45 2 /À45 2 /0 2 /90 2 ) s stacking configuration, where ¼ 0, 30, 45, 60, 90 and also on fully single curve composite cylinders of stacking sequence (0 2 /45 2 /90 2 /À45 2 ) s , (45 2 /0 2 /90 2 /À45 2 ) s and (90 2 /45 2 /0 2 /À45 2 ) s . The test samples were manufactured by the hand lay-up technique using unidirectional carbon fibre-epoxy matrix prepregs. The impact properties such as the absorbed energy, bending stiffness, saturation energy, damage degree and the contact period were obtained from the response data and interpreted to establish the impact effect on the composite structure. From this unique study, it was realised that surface ply orientation of half single curved composites significantly contributes to the energy absorption characteristics and that the damage effect was most severe for the (90 2 /45 2 /0 2 /À45 2 ) s configuration of the composite cylinder.
Introduction
The request for fibre-reinforced composite materials has been on the increase in recent years in a variety of structural applications because of the need for high ratio of stiffness and strength to weight. The ability to tailor the properties of fibre-reinforced composites offers advantage over the use of traditional materials. The aerospace companies are generally looking for materials that are low in weight, but hard and stiff and do not corrode. These properties have generated increasing demand for advanced carbon/glass fibrereinforced plastic composite materials for some of the structures leading to higher weight savings and operation cost reduction. In this study, ply directions typical for aerospace structures have been chosen.
Although, composite materials enjoy these advantages, they are prone to some defects and damage during manufacturing, maintenance or in service which may significantly reduce their integrity. Generally, continuous reinforced composites can exhibit three types of fractures: intralaminar, interlaminar and translaminar. Among the various modes of damage the matrix rich interlaminar crack (i.e. delamination) is the one which is the most commonly observed, leading to loss of local stiffness, unacceptable levels of noise and vibration or perhaps structural failures.
A variety of studies have been carried out into the impact behaviour of composite structures, Abrate 1, 2 provided an exhaustive list of work associated with this research. Most of the works were focused on low-velocity impact damage prediction, evaluation and residual properties on flat composite panels and a significant number of articles deal with ballistic impacts on laminated composites. Gonza´lez et al. 3 presented a study of the effects of ply clustering on 1 laminated composite plates subjected to a dropweight impact load and concluded that ply clustering reduces the damage resistance of the structure. Atas et al. 4 assessed the response of repaired and unrepaired glass/epoxy composite plates under impact load and observed that for the repaired samples the fibre fractures through the repair line and delamination was the dominant mode of failure. Minak et al. 5 investigated the effect of torsional loads on the damage introduced by impacts on cylindrical carbon/epoxy specimens and reported that delamination initiation is not affected by the torsional preload.
Sivakumar et al. 6 performed a series of tests to understand the effect of geometry, dimension and triggering mechanism on the progressive deformation of small-scale composite tubes and reported that the crushing and energy absorption characteristics of special geometrical shapes are better than the standard shapes such as square and hexagonal cross-sections. Kim et al. 7 reported that the maximum impact force on a (0 4 /90 4 /90 4 /0 4 ) panel was higher than that of (90 4 /0 4 /0 4 /90 4 ) laminate as curvature increased. This was attributed to the outside layer (0 orientation) becoming stiffer under the influence of curvature. Hull 8 observed that glassand carbon fibre-reinforced thermoset tubes progressively crush in fragmentation and splaying modes. Gning et al. 9 reported that low energy impact on thick composite cylinders results in a drop in implosion pressure resistance. This was associated with the appearance of intralaminar cracks rather than delamination.
Composite shells and polymer composite sandwich structures are useful for crashworthiness applications. Kaneko et al. 10 reported about carbon fibre-reinforced plastic cylinders under impact loading using experimental and finite element techniques. Beardmore and Johnson 11 mentioned that from a structural viewpoint, there are two major categories of response which are critical to the application of composites to automobiles: durability and energy absorption. Krishnamurthy et al. 12 investigated the impact response of a laminated composite cylinder and used the semi-empirical damage prediction model of Choi-Chang to predict impact-induced damage.
Tarlochan et al. 13 tested sandwich panels and reported the effect of fibre material, core materials and inserts under compression load. The primary mode of failure was progressive crushing. Aslan et al.
14 evaluated the in-plane dimensional effect of fibre-reinforced laminated composites under low-velocity impact and concluded that the smaller the width of the rectangular composite laminate the higher the contact duration. Atas and Sayman 15 performed a series of impact tests on woven fabric composite plates made of E-glass as reinforcing material and epoxy resin as matrix material, with impact energy ranging from 4 to 45 J and presented an overview of the characteristics.
Khalili et al. 16 produced a finite element model representing low-velocity impact on composite laminates and cylindrical shell structures using ABAQUS finite element code and validated with experimental results. Guoqiang 17 used tubular steel lattice that is externally protected by a thin fibre-reinforced polymer for his experimental investigation. Two types of grid configurations were investigated. One was an axial grid and the other was a helical grid. In another study, Surendra et al. 18 used the finite element method to study the characteristics of curved graphite/epoxy composite under transverse impact considering the effect of parameters such as the impact velocity, mass, composite curvature and ply orientation. Ji et al. 19 tested woven circular composite plates under static indentation and transverse impact and used the load-displacement plots to calculate the energy absorbed and discussed the differences in the results.
Kostopoulos et al. 20 investigated the influence of carbon nanotubes on the impact and after impact characteristics of carbon fibre-reinforced epoxy matrix quasi-isotropic laminates and reported enhancement in the impact performance. Also the after impact compression modulus and the compression strength were improved. Belingardi and Vadori 21 reported the behaviour of glass-fibre-epoxy matrix laminates in the unidirectional and woven stacking configurations, with particular interest on the dissipation of the kinetic energy during impact and strain rate effect. Hebert et al. 22 investigated the response of E-glass-reinforced vinyl ester and urethane panels of varying structures subjected to shock loading and drop-weight impact loading. The vinyl ester performed better than urethane in both impact and lower pressure shock resistance. Thornton 23 tested a variety of graphite, Kevlar and glass fibre composite tubes under axial compression and observed that the specific energy absorption was higher than that of metal tubes.
Huang and Lee 24 carried out a crushing study on curved composite laminates and noted that delamination was mainly driven by the interlaminar shear stress and that it extensively propagates outward, while the contact force was at the damage threshold. Ambur and Starnes 25 reported about the response and failure characteristics of cylindrically curved, composites subjected to low-speed impact. The plate radius and thickness were important parameters that influence the response of the structure and that the compression-after impact residual strength is also a function of the curvature.
Guillaumat 26 reported the three important types of loading on composites as accidental shock, fatigue and vibrations; and concluded that the mechanical behaviour of composites varies according to their dimensions. He also noted that delamination grows only after the development of matrix cracking, suggesting a coupling between them. In this study, non-penetration tests were conducted on symmetrical singly curved composite panels. The impact properties such as energy absorbed, damage degree, bending stiffness and contact duration response as the surface ply orientation changes were properly examined and reported for the half single curved symmetrical composite panels and the effect of stacking sequence on the impact characteristics of composite cylinders established.
Material
From ready-made prepreg tape composed of unidirectional carbon fibre and epoxy resin produced by Hexcel, different singly curved composite panels were prepared.
The mechanical properties of the ply as obtained from tests conducted by Hexcel are summarised in Table 1 . The fibre volume fraction is 60%, with a ply thickness of 0.125 mm.
Manufacture of half single curve samples
The fibre orientations of samples tested in this investigation were stacked by hand lay-up of unidirectional carbon fibre and epoxy resin prepreg ply. Using 30 and 45 squares and a blade the appropriate sizes of laminae were cut from the roll. The lengths of the samples were restricted to 100 mm. The samples were covered with a release film and placed between a steel cylinder of 108 mm diameter and aluminium foil on the bed of the autoclave (Figures 1 and 2 ). This was covered with a bleeding material and a vacuum bag, sealed round its perimeter with a tape.
A vacuum pump was connected to a valve fitted to the bagging material, which was used to extract the air. The laminate was cured at an applied pressure of 700 kN/m 2 , heated to 175 C at the rate of 10 C/min and held for an h at 175 C, followed by gradual cooling to ambient temperature. The vacuum generated was maintained throughout the curing period. After cooling to the environmental temperature the vacuum pressure was gradually released. A photograph of the half single curve sample is presented in Figure 3 .
Manufacturing of composite cylinders (full single curve)
Three symmetric composite cylinders with the following stacking sequence: were cured in the autoclave, using the prepreg manufacturer's recommended cure cycle as explained in section 'Manufacture of half single curve samples'. The composite laminate was overlapped at the joint to form the cylinder. These samples were tested under impulsive force using a 12.1 mm diameter hemispherical nose impactor, with the instrumented drop-weight tester. The total mass of the drop head was 30 kg and all tests were performed at a drop height of 0.02 mm. This implies nominal impact energy of 6 J. The dimension of the composite samples is as shown in Figure 4 and a photograph of the sample in Figure 5 .
Test parameters
The study on the impact characteristics involves the implementation of an instrumented impact test, followed by analysis of the impact response parameters in relationship with the surface ply orientation of the singly curved composite structures. The impactor used for this study comprised of a dropping head, an impactor rod and nose, making a total mass of 30 kg. The steel impactor had a diameter of 12.1 mm and was fitted to the dropping head. The drop height of 0.02 m was used for all tests, i.e. the same impact energy. The five samples of half single curve samples ( Full single curve composite cylinders were also manufactured and tested according the programme outlined in Table 3 . The outer lamina of the structure starts the distribution of the impact load through to the opposite face as the composite sample deforms progressively. In general, the response of the composite material to impact is a highly complex dynamic event involving many interacting damage modes (e.g. delamination, fibre fracture and matrix degradation). The energy absorption and damage modes depend in a complex manner on the material permutations (i.e. fibre and resin volume fraction, stacking 
Experimental testing device
To study how the composite curved panels respond and absorb the impulsive energy an instrumented drop-weight impactor was used. Figure 6 shows the features of the drop-weight tester. The sample was simply supported in the main unit of the impact tester and the falling weight guided onto the sample as defined in the test set-up. A schematic of this test set-up is as presented in Figure 7 for the half single curve samples. Figure 8 shows the composite cylinder mounted in the test chamber of the instrumented drop tester. The ends of it were blinded with a wooden disc of thickness 19 mm; having a hole at the centre to ensure there was no build up of pressure. The sample held firmly to the saddle support with sellotape. During the impact, the resistive force exerted by the sample on the striker is measured by load sensors as a function of time and stored for display and analysis, that is the force transducer detected the contact forces at many consecutive instants and the transient data time, energy, velocity and deflection were recorded for each sample. The maximum contact force was termed the peak force. There are six parameters that define the data capture process: amplifier gain, capture rate (sweep time), number of points, trigger source, trigger level and pre-trigger percentage. The sweep time is very important as it sets the data acquisition speed of the drop tester. In order to preserve as 
Test results and data (half single curve samples)
The design of some composite parts may require stable and controlled dissipation of kinetic energy in order to keep the deceleration level as small as possible. This requires a careful experimental analysis of the structure. The deformation characteristics and the corresponding load-deformation histories of all the singly curved composites were studied for drop weight (30 kg) loading condition. For all composites because of the ply lay-up configuration, there were different deformation characteristics.
The experimental curves contain some small wrinkling and stick-slip type of response and the force history deviates from a pure half sine wave (Figures 9 to  13) . The approximate half sine response is typical for symmetrical fibre-reinforced composites under nonperforation impact load. 27 The stick-slip is thought to be due to the elastic wave response of the composite. During testing the sample was simply supported in the test area of the drop tower.
An examination of the force histories of the laminates (0 2 /45 2 /À45 2 /0 2 /90 2 ) s and (30 2 /45 2 /À45 2 /0 2 /90 2 ) s shown in Figures 9 and 10 reveal no sharp drop in the load, which means a good resistance to the impact strike and the structure has not incurred a major internal damage. The behaviour of the (45 2 /45 2 / À45 2 /0 2 /90 2 ) s composite illustrated in Figure 11 shows severe wrinkling around the peak load, thought to be the result of interlaminar and intralaminar cracking of the matrix material. The threshold of delamination based on the first sharp drop in the load has been reported by Schoeppner and Abrate. Based on the force and energy histories the following information has been obtained: absorbed energy, degree of damage, contact time, saturation energy and impact bending stiffness. The impact resistance performances of the composites were assessed as the surface ply orientation changes. The absorbed energy was calculated as the difference in the total energy, that is the energy at the end of impact event and the energy at the first drop in load or change in direction of the loading. This assumes that the panels are loaded elastically till any of these events occur. The drop in load can be attributed to some form of failure mode. The failure event in composites is in fact a progressive occurrence and interaction of some or all of the many micro-mechanisms of damage of the constituents.
The saturation impact energy is the maximum energy bearable by a material without perforation. In this investigation the damage degree has been considered as the ratio between the total energy transformed, i.e. the ratio of the unrecoverable energy dissipated via plastic deformation, fragmentation, etc. to the impact energy. The values are as shown in Table 4 .
The bar plots relating the absorbed energy, damage degree and contact time to the surface ply orientation of the singly curved composites are presented in Figures 14, 15 and 16 , respectively. In Figures 14 and 15, the absorbed energy and damage degree show relatively small increments as the surface ply orientation changes from 0 to 90 . The impact contact time significantly (Figure 16 ) changed as the surface ply rotates from 0 to 90 . This means that particularly for the (90 2 /45 2 /À45 2 /0 2 /90 2 ) s the kinetic energy of the striker transmitted to the composite has been mostly absorbed and dissipated resulting in the formation of new surfaces. When ¼ 90 , the damage degree was approximately one, an indication of the threshold of penetration and perforation.
Stiffness of the laminate
Impact bending stiffness has been known to be an important property in assessing the damage resistance of a composite in particular to delamination. It changes with the configuration of the composite laminates. The force-displacement curves from the test results as shown in Figures 17 to 21 present a rise to a maximum load and then returns to the abscissa. An approximation of the slope to an R 2 value of one of the ascending section of the load-displacement plots were taken as the impact bending stiffness, as they represent the stiffness of the composites under the impact-induced bending, at the beginning of the impact regime.
The superimposition of the force-displacement graphs of five semi-circle single curve composites is shown in Figure 22 . Impact damage results in a local stiffness reduction causing stress concentrations, which may promote in-plane 'notch type' failure. 29 Experimental studies show that fibre failure in the impact damage zone causes significant local reductions of the tensile and compressive stiffness and such stiffness losses cause stress concentrations, which in tension may be comparable to the effect of a hole or slit. 29 The relationship between the composite bending stiffness and the orientation of the surface plies is illustrated in Figure 23 . The (0 2 /45 2 /À45 2 /0 2 /90 2 ) s composite was identified to have the highest impact bending stiffness of 0.47 kN/mm, hence it is most resistant to the impact loading effects.
Test result and discussion: Composite cylinders
The force and energy plots due to the dynamic test on the composite cylinders were obtained as nonsmooth functions indicating the effect of the stacking sequence. These responses of the pipes are presented in Figures 24 to 26 as the force and energy histories. The force history rises up to attain a peak load before unloading down to the abscissa. It may be represented by an almost half sine curve. The energy history rises to a peak, before descending to attain a plateau.
The complex series of peaks and troughs of the force history are thought to be because of the various micro-fracture processes due to impact or the crack path through the laminate. The differences in the impact responses are because of the stacking configuration and the composite intralaminar-interlaminar crack patterns. The damage effect can be seen to be most severe for the (90 2 /45 2 /0 2 /À45 2 ) s configuration of the composite cylinder. Table 5 shows some of the impact characteristics of the tested composite extracted from the impact response. The (90 2 /45 2 /0 2 /À45 2 ) s configuration composite cylinder has displayed the highest stiffness of 898 kN/m. These values were obtained from the slope of the loading half of the forcedisplacement plot as it represent the bending resistant under the impact-induced bending; Figure 27 is a representative plot of this. Figure 28 shows the superimposition plots of the force-displacement data for all the three configuration of composite pipes tested. Table 5 also shows the energy absorbed and dissipated, resulting in the formation of new surfaces due to damage. The value for (90 2 /45 2 /0 2 /À45 2 ) s laminate is the highest being 5 J; implying that it has sustained the most damage under the 6 J impact. This is evident by the unevenness of the force history and by viewing the superimposed force-displacement plot; it has the largest area covered by the graph (i.e. work done). 
Concluding remarks
An advantage of composites is the ability to control the fibre orientation either to resist load or absorb energy. It is therefore necessary to have some understanding of the contribution of the plies. In this study, the dynamic response behaviour and the corresponding energy absorption capabilities of small singly curved composites have been investigated after The response data were plotted as force histories, energy histories and load-displacement graphs; they were non-smooth functions indicating the effect of the stacking sequence. The complex series of peaks and troughs were thought to be because of the various micro-fracture processes due to impact or the crack path through the laminate. Based on the response data values such as absorbed energy, damage degree, contact time and impact bending stiffness were found. These parameters are significant to the composite designer. A thorough study of the impact parameters revealed that surface ply orientation has significant effect on the behaviour of singly curved composite structures. The (0 2 /45 2 /À45 2 /0 2 /90 2 ) s composite proved to be the most resistant to impact loading. Also the fully single curve composite cylinders of stacking sequence (0 2 /45 2 /90 2 /À45 2 ) s , (45 2 /0 2 /90 2 /À45 2 ) s and (90 2 /45 2 /0 2 /À45 2 ) s were tested under impact loading and the damage effect was most severe for the (90 2 / 45 2 /0 2 /À45 2 ) s configuration of the composite cylinder.
